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Introduction
Online coursework has been heralded as potentially transformative for higher education, possibly lowering costs of delivery and increasing access for disadvantaged students. From 2002 through 2012, the number of online bachelor's degrees awarded rose from 4,000 to 75,000, or five percent of all U.S. bachelor's degrees issued that year (Deming et al., 2015) . The federal government estimates that 27 percent of college students were taking at least one course online as of 2013, the most recent year for which data exists. 1 Though online education is increasingly prevalent, we know relatively little about the longer run implications of the existence of this new form of human capital development (McPherson and Bacow, 2015) .
This paper provides the first evidence on whether online education can improve access to education, a key question in evaluating online education's overall impact. Does online education simply substitute for in-person education or does it instead expand access to students who would not otherwise have enrolled in an educational program? Existing research largely compares student performance in online and in-person classes, often by randomly assigning students to one format or the other conditional on already having enrolled. The online format generally leads to worse learning outcomes (Joyce et al., 2015; Alpert et al., 2016; Krieg and Henson, 2016) , particularly for academically weaker students such as those in community colleges (Xu and Jaggars, 2014) and for-profit colleges (Bettinger et al., 2015) . In some settings, students do equally well across both formats, raising the possibility that the online format may nonetheless be a cost effective delivery mechanism (Figlio et al., 2013; Bowen et al., 2014) .
Though the body of research on the pedagogical efficacy of the online format is growing, no prior research on online education has addressed whether the existence of online options increases the number of people obtaining formal education. This is in part because the ubiquity of such options makes it difficult to construct convincing counterfactuals. Understanding the impact of online education depends, however, on whether online classes replace in-person classes or generate additional human capital investment.
We provide evidence on this by examining the earliest educational model to combine the inexpensive nature of online education with a degree program from a highly-ranked institution.
Specifically, we study the new Online Master of Science in Computer Science (OMSCS) offered by the Georgia Institute of Technology (Georgia Tech) and developed in partnership with Udacity and AT&T. In spring 2014, Georgia Tech's Computer Science Department, which is regularly ranked in the top ten in the United States, started enrolling students in a fully online version of its highly regarded master's degree. The online degree costs about $7,000, less than one-sixth of the $45,000 out-of-state students pay for Georgia Tech's in-person computer science master's degree (MSCS) . Program price and admissions criteria were set in part to attract a much larger number 1 of students than the in-person program without compromising the quality of the degree. Importantly, the degree OMSCS students earn is not labeled "online" and is in name fully equivalent to the in-person degree. As a result, the reputation and labor market value of Georgia Tech's in-person degree now at least partially depend on the extent to which Georgia Tech can ensure that the quality of its graduates does not differ substantially across the two formats. In an attempt to address the quality concerns that online education raises, Georgia Tech designed OMSCS such that its courses are online versions of the same courses in-person students take, designed by the same faculty teaching those courses, and graded using the same standards.
We first document where demand for this model of online education comes from by comparing the online and in-person applicant pools, as both programs lead to the same degree but through different formats. We find large demand for the online program, which is now the nation's largest master's degree program in computer science. Importantly, there is nearly no overlap between the applicant pools to these two programs, with few individuals applying to both. The average inperson applicant is a 24-year old non-American recently out of college, whereas the average online applicant is a 34-year old mid-career American. Eighty percent of those admitted to the online program accept those offers and enroll, suggesting few find compelling alternative educational options. Large demand from a mid-career population uninterested in its in-person equivalent and a high matriculation rate both suggest the online program is drawing in students who would not otherwise enroll elsewhere.
Next, we rigorously estimate whether this online option expands access to formal education for students who would not otherwise enroll, thus increasing the number of students participating in higher education. To do so, we utilize quasi-random variation in admission to OMSCS to determine the extent to which access to the online option substitutes for enrollment in other programs. We exploit the fact that capacity constraints for the first applicant cohort led to the program's admission officer reading applications in descending order of undergraduate GPA until he had identified about 500 applicants to which immediate admission was offered. As a result, such offers were made only to those with a GPA of at least 3.26, a threshold that was arbitrary and unknown to applicants. The officer eventually read all of the applications and some of those below the threshold were offered deferred admission. A regression discontinuity design shows this admissions process created at the threshold a roughly 20 percentage point difference in the probability of admission to the online program.
With National Student Clearinghouse data that tracks enrollment in any U.S. formal higher education, we use a regression discontinuity design to compare enrollment outcomes for applicants just above and below that threshold, two groups who differ only in their access to this online option. We find a roughly 20 percentage point difference in the probability of eventually enrolling in the online program, the magnitude of which suggests that roughly all of the marginal admits ultimately matriculate. 2 Importantly, we show that very few applicants to OMSCS enroll in other, non-OMSCS programs. Those just below the admission threshold are no more likely to enroll elsewhere than those just above it, implying that access to the online program does not substitute for other educational options. Such access thus substantially increases the number of students enrolling at all. The higher education market appears to have been failing to meet demand for this online option.
Early evidence also suggests that this online program is delivering a relatively high-quality educational experience. To test whether students pursuing the degree online were learning as much as those pursuing it in person, Georgia Tech blindly graded final exams for online and inperson students taking the same course from the same instructor. The online students slightly outperformed the in-person students (Goel and Joyner, 2016) . OMSCS students are also persisting at rates substantially higher than students in nearly all MOOCs and higher than in many online degree programs. Among those students who started OMSCS in 2014, 62 percent remain enrolled two years later, apparently on track to complete their degrees. This is very likely a lower bound on completion rates given that over 25 percent of students who take a semester off from the program re-enroll in subsequent semesters. Given the nearly 1,200 Americans enrolling each year in OMSCS and assuming only those 62 percent graduate, this implies production of at least 725 new American computer science master's degrees holders annually. Roughly 11,000 Americans earn their master's degree in computer science each year, implying that this single program will boost annual national production of American computer science master's degrees by about seven percent.
That OMSCS appears to be filling a gap in the higher education market may explain why the announcement of the program in 2013 garnered such extensive media attention. OMSCS was described as the first large-scale program offered by a highly-ranked department, priced much lower than its in-person equivalent and culminating in a prestigious graduate degree. Prior models of online education had involved highly-ranked institutions offering online degrees as costly as their in-person equivalents, lower-ranked institutions offering inexpensive degrees with low labor market returns (Deming et al., 2016) , or free massive online open courses (MOOCs) with unclear returns and very high attrition rates (Perna et al., 2013; Banerjee and Duflo, 2014) . Because OMSCS' price-quality pairing had not been previously seen in online education, the New York Times declared that this model meant "disruption may be approaching." 3 President Obama mentioned OMSCS in an August 2013 speech on college affordability and again in March 2015 while visiting Georgia Tech, describing the program as a model for "innovative ways to increase value" in higher education. 4
The low-cost, high-quality model pursued by OMSCS appears to be growing in importance. In spring of 2016, inspired in part by OMSCS, the University of Illinois at Urbana-Champaign (UIUC) began enrolling students in its "iMBA" program, a fully-online version of its highly-regarded MBA. The degree costs about $22,000, roughly one-third the cost of the in-person MBA offered by UIUC and similarly-ranked institutions. Yale University is currently developing a fully online version of its Master of Medical Science degree for physician assistants. In the fall of 2016, over a dozen highly ranked universities affiliated with the EdX consortium started by Harvard and MIT announced plans to offer micro-master's degrees. Such degrees will be open to any student willing to pay a total of roughly $1,000 for exam proctoring at the end of each course and will consist of between one-quarter and one-half of the courses in a traditional version of each degree. Examples of such degrees include supply chain management from MIT, artificial intelligence from Columbia University, and social work from the University of Michigan at Ann Arbor. 5 That more highlyranked institutions appear to be entering the market for inexpensive online degrees suggests our results may be increasingly relevant to the future of online education.
The remainder of the paper proceeds as follows. In Section 2, we describe the OMSCS program in more detail, describe the available data, and descriptively compare the applicant pools to the in-person and online programs. In Section 3, we present regression discontinuity estimates of the impact of access to online education on overall enrollment. In Section 4, we discuss the implications of our findings. We argue that the single program studied here will likely increase the number of Americans earning computer science master's degrees by about seven percent. We also discuss the external validity of these findings, as well as concerns about the quality of education delivered by the online program.
Context and Data

The OMSCS Degree Program
OMSCS courses are offered through a platform designed by Udacity, one of the largest providers of massive open online courses. 6 To earn their degree, OMSCS students must complete 10 courses, specializing in either computational perception and robotics, computing systems, interactive intelligence, or machine learning. Students who have taken two foundational courses can take up to three classes per semester, while other students can take only two at a time. The typical student takes one or two courses each semester, so that expected time to graduation is six to seven semesters, which can include summer terms. In order to maintain educational quality, the online https://www.whitehouse.gov/the-press-office/2015/03/10/remarks-president-announcing-student-aid-bill-rights. courses use similar assignments and grading standards as their in-person counterparts. Consistent with the OMSCS degree being at least nominally equivalent to the in-person degree, OMSCS is accredited because the accreditor considers it equivalent to the in-person program.
Though deadlines for submitting assignments are the same as the in-person courses, one major difference is that all lecture-watching and other learning experiences are asynchronous, meaning that there is no fixed time during which a student must be online. All content is posted at the start of the semester so that students may proceed at a pace of their choosing. Students schedule their exams within a specified window and are monitored to guard against cheating. Most interaction happens in online forums where students post questions and receive answers from fellow students, teaching assistants, or faculty members. Faculty members interact with students in online office hours, though online forums are typically run by the head teaching assistant. Feedback on assignments comes from teaching assistants, many of whom are current MSCS or OMSCS students and each of whom serves approximately 50 students. 7 AT&T provided roughly $4,000,000 in start-up funds to supplement GA Tech's own initial investment. Much of that funded production of the roughly 30 courses OMSCS offers, each of which initially cost about $300,000 to produce, though production costs have since dropped to under $200,000. Such costs reflect the fact that OMSCS does not record and re-broadcast in-person lectures as some online courses do, but instead produces original videos and other materials for each course. Individual faculty members are paid $20,000 for initially creating a course and $10,000 each time they teach the course, which many of them continue to do. In 2015, OMSCS had net revenues of about $2,000,000 and by fall 2016 had returned the Computer Science Department's initial investment in the program.
To make OMSCS accessible to a wider range of applicants than its in-person counterpart, its admissions website describes as "preferred qualifications" having a B.A. in computer science or a related field with an undergraduate GPA of 3.0 or higher. 8 Such qualifications do not guarantee admission and, as the website notes, "applicants who do not meet these criteria will be evaluated on a case-by-case basis." The admissions website to the in-person program describes a GPA of 3.0 as a "desirable minimum" and notes that "most candidates score higher." MSCS also requires submission of GRE scores, which OMSCS does not. Whereas MSCS has one cohort of applicants each year who apply to start in the fall, OMSCS has two applicant cohorts each year as students can begin their coursework in either the fall or the spring. The first OMSCS enrollees began their coursework in the spring of 2014.
Data
We have data from Georgia Tech's Computer Science Department on all applicants to OMSCS's first six cohorts, who started their courses in spring 2014, fall 2014, spring 2015, fall 2015, spring 2016, and fall 2016. We also have data on four cohorts of applicants to MSCS, those applying to start classes in each fall from 2013 through 2016. For each applicant, we have basic self-reported demographic information including age, gender, race/ethnicity, and citizenship. Applicants also report their postsecondary educational history, including the name of each college attended, their GPA at that college, and the field and type of any degree earned. Applicants report the name of their employer if employed at the time of application. We also observe whether a given applicant was ever admitted to or enrolled in OMSCS or MSCS.
We merge all applicants' data to the National Student Clearinghouse (NSC), an organization that tracks enrollment at post-secondary institutions throughout the United States. The NSC identifies which, if any, institution a student is enrolled in at any moment in time, allowing us to track the educational trajectories of students who enroll in Georgia Tech and other institutions. 9 NSC coverage rates for undergraduates in Georgia are around 95 percent and generally above 90 percent in other states (Dynarski et al., 2015) . Though less is known about graduate student coverage rates, we show that a very high fraction of MSCS applicants are observed enrolling in institutions other than Georgia Tech, suggesting widespread coverage of master's degree students. Importantly, we do observe many for-profit and nonprofit institutions that primarily offer online coursework, such as the University of Phoenix and Western Governor's University. We supplement this with data from the National Science Foundation on the full population of students earning computer science master's degrees in the United States in 2013, the most recent year available.
Descriptive Comparison of Applicant Pools
To document where demand for OMSCS comes from, we describe the characteristics of the OM-SCS applicant pool and compare them to the characteristics of the MSCS applicant pool. Because both programs culminate in the same nominal degree, we view such a comparison as controlling for the degree sought. As such, we argue that differences in the applicant pools between these programs are largely due to differences in the programs' costs and methods of curriculum delivery.
Demand for the online program is large, as seen in panel A of Table 1 . OMSCS attracts over 3,400 applicants annually, about twice as many as its in-person equivalent. This is not due simply to large pent-up demand, as the most recent applicant cohort is larger than all but the first cohort, which contained many AT&T employees. 10 OMSCS admits 61 percent of those applicants, almost five times the 13 percent admission rate for the in-person program. OMSCS is thus less selective and more open than its in-person counterpart, as program designers intended.
Eighty percent of those admitted to the online program enroll, so that each year nearly 1,700 students begin a computer science master's degree through OMSCS, more than 10 times as many who begin a degree through MSCS. This makes OMSCS the largest computer science master's degree program in the United States, and possibly the world. By way of comparison, the NSF estimates that U.S. institutions issued about 21,000 computer science master's degrees in 2013. If all OMSCS enrollees were to complete their degrees, OMSCS would be responsible for the pro- Two descriptive facts suggest that demand for the online program comes from a different population than demand for the in-person program. First, in our data, fewer than 0.2 percent of the nearly 18,000 applicants to either program applied to both programs, suggesting that students view these programs as distinct educational products. Second, as panel B in Table 1 shows, the applicant pools to the two programs look very different, particularly in terms of nationality and age. 11
The online program attracts a much more American demographic than does the in-person program. About 70 percent of the online applicants are U.S. citizens, compared to 8 percent of in-person applicants. Figure 1 shows the distribution of citizenship across the two pools. The vast majority of in-person applicants are citizens of India (nearly 70 percent) or China (nearly 20 percent). After admissions and enrollment decisions, the fraction of in-person enrollees who are U.S. citizens rises to 26 percent. Even so, over half of that student body are Indian or Chinese citizens. Panel B shows that fewer than 10 percent of applicants to the online program are Indian or Chinese citizens, proportions that do not change substantially with admissions and enrollment decisions. That international applicants show stronger demand for the in-person program suggests such students may value the opportunity to be physically present in the U.S., which admission to an online program does not grant. 12 That over 70 percent of online program enrollees are U.S. citizens makes that pool substantially more American than the national pool of those completing computer science master's degrees, of whom 52 percent are U.S. citizens.
The online program attracts a substantially older demographic than does the in-person program. Online applicants are on average 34 years old, compared to an average age of 24 for in-10 See columns 1-6 of Table A.1.  11 Table A .1 shows the characteristics of individual cohorts of applicants. None of the demographic facts highlighted here change substantially over the observed time period.
12 Low international awareness of OMSCS' existence may explain a small portion of their proportionally stronger demand for the in-person program, as Table A .1 shows that the international composition of the applicant pool has very slowly increased over time, perhaps because such awareness has increased. 7 person applicants. Figure 2 shows the age distribution of applicants to the two programs. Over 75 percent of in-person applicants are 25 years old or younger and over 95 percent are 30 or younger.
Nearly no one older than 30 applies to the in-person program. The opposite is true of the online program. Only 10 percent of online applicants are 25 or younger and fewer than 30 percent are between 25 and 30. The majority of applicants are over 30 years old, with substantial representation of those in their 40s and 50s. This remains true if the sample is limited to those admitted or to those who enroll.
Whereas the in-person program attracts applicants straight out of college or early in their careers, the online program attracts an older population largely in the middle of their careers. Nearly ninety percent of online applicants list a current employer, relative to under 50 percent of in-person applicants. 13 Table 2 shows more detail about online applicants' employment, listing the top 25 employers represented in their applications. Because of its corporate sponsorship of the development of OMSCS, AT&T is by far the largest such employer. 14 Well-represented in the list are technology giants (Microsoft, Google, Amazon, Apple), military branches (Air Force, Army, Navy), defense contractors (Lockheed Martin, Raytheon, Northrop Grumman, Boeing), and financial and consulting firms (Bank of America, Accenture). Such firms, with more than 25 employees applying to OMSCS, comprise less than one-fourth of the applicant pool. Firms with 2 to 25 applicants comprise one-fifth of the applicant pool. Remarkably, nearly half of applicants to OMSCS appear to be the only employee from their firms applying to the program, suggesting that demand for such training is widespread and not simply concentrated among a few large firms.
The online and in-person applicant and enrollee pools look fairly similar in terms of gender and race, particularly when the sample is limited to U.S. citizens. Only 13 percent of U.S. citizen online applicants are female, a proportion quite similar to the percentage in the in-person program. 15 Among U.S. citizens, the online applicant pool is 64 percent white, 17 percent black or Hispanic, and 15 percent Asian, proportions roughly similar to the in-person applicant pool.
There is little evidence of differential gender or racial diversity by program type. Other forms of diversity, such as socioeconomic status and academic skill, are hard to evaluate because our application data contain no information on family background and no objective measures of academic skill that are comparable across the two applicants pools. 16 We can, however, use characteristics of applicants' undergraduate institutions as proxies for applicants' family backgrounds and academic skills. To do so, we use data from the Integrated Postsecondary Education Data System (IPEDS) to characterize applicants by the U.S. colleges they 13 Employment information is missing for the 2013 MSCS applicants, so the 50 percent figure is based on 2014-16 MSCS applicants. 14 As seen in Table A .1, this is driven largely by the first cohort of applicants, of whom 23 percent were from AT&T. That proportion drops to fewer than 10 percent in subsequent cohorts. None of the demographic facts discussed here change meaningfully when AT&T employees are removed from the sample. 15 Among all applicants, the in-person program has a higher proportion of female applicants due to the fact that Indian and Chinese applicants are more likely to be female than are American applicants. 16 Unlike the in-person program, the online program does not require applicants to submit GRE scores.
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attended. 17 Table 3 shows clear differences across the two applicant pools. Online applicants come from colleges where the average student's SAT math score is 30 points, or about 0.2 standard deviations, lower than students from in-person applicants' colleges. Online applicants' colleges have a higher proportion of low income students, as well as a substantially lower six-year graduation rate. Differences among admitted students and enrollees are of similar magnitude. This suggests that the online program attracts applicants who are from more economically disadvantaged backgrounds and who are academically weaker on average than their in-person counterparts. Online applicants also have a more diverse set of college majors, as they are much less likely than inperson applicants to have majored in computer science. Instead, they are more likely to have majored in engineering, mathematics, physical sciences, and even social sciences and humanities.
The descriptive comparison of the two applicant pools thus provides three pieces of evidence that together are consistent with the possibility that OMSCS represents a new educational product for which there is currently no close substitute in the formal higher education market. First, though the two programs culminate in the same degree, there is nearly no overlap in the populations interested in these educational options. The typical applicant to the in-person program is a 24-year old recent college graduate from India, whereas the typical applicant to the online program is a 34-year old currently-employed American. Second, demand from Americans for the online version of the program is large, with well over 10 times more American applicants to OMSCS than to MSCS. Third, eighty percent of those admitted to the online program accept those offers and enroll, suggesting that relatively few such admits find alternative higher education options compelling. Large demand for OMSCS from a mid-career population uninterested in its in-person equivalent and the high enrollment rate among admits both suggest that OMSCS provides an educational pathway for which there has previously been no compelling, competing alternative. To strengthen the case for this argument, we turn to a second empirical strategy that focuses on causal inference and complements the descriptive analysis above.
The Impact of Online Access on Educational Trajectories
Regression Discontinuity Design
Our goal is to determine whether the existence of an online option alters applicants' educational trajectories. If not for access to such an option, would its applicants pursue other educational options? Or does the online option lack close substitutes in the current higher education market? The difficulty in answering this question is that applicants admitted to OMSCS are generally academically stronger than and differ along other dimensions from those denied admission. Comparing the subsequent educational trajectories of these two groups of students would confound the impact of online access with the impact of underlying academic skills and other characteristics.
We solve this problem by identifying an exogenous source of variation in the probability that an applicant had access to the online option. In particular, though OMSCS admitted a wider range of students in later cohorts, the program decided to somewhat constrain the number of students admitted to the very first cohort in spring 2014. OMSCS did this to ensure that any challenges inherent in starting a new program would not be compounded by an overly large enrollment total. The chief admissions officer therefore read applications in descending order of undergraduate GPA and offered immediate admission only to the first 500 or so applications he read that he deemed admissible. As a result, only applicants with an undergraduate GPA of 3.26 or higher were eligible for admission in spring 2014.
The admissions officer ultimately read all applications and some students both below and above the 3.26 threshold were made offers of deferred admission. Such students were allowed to enroll in summer 2014, fall 2014 or spring 2015. The admissions data we have can not distinguish between students made offers of admission for spring 2014 and those who were offered deferred admission. We therefore measure enrollment outcomes as of fall 2016, well beyond the point at which all spring 2014 applicants would have had to enroll if admitted or would have had time to apply to and enroll in other institutions if rejected. We focus on the probability that a given student received any admission offer, regardless of its timing.
The GPA threshold thus represents an exogenous source of variation in whether a given student was offered admission to OMSCS. We use the threshold to implement a regression discontinuity design (RD) that compares the educational trajectories of applicants just above and below that threshold. Such students should be nearly identical in terms of academic skills, as measured by GPA, as well as other characteristics. They should differ only in their access to the online option. We estimate the impact of having a GPA above the admissions threshold on enrollment outcomes of the first applicant cohort through the following baseline specification:
Here, Enrolled indicates enrollment status in OMSCS or other programs for applicant i, Admissible indicates the applicant is above the GPA threshold and GP A measures his distance from that threshold in GPA points. In this local linear regression, the two GPA variables model the relationship between GPA and college outcomes as linear, with the interaction term allowing that slope to vary on either side of the threshold. The coefficient on Admissible thus measures the difference in OMSCS enrollment probability between applicants just above and just below that threshold. This specification generates intent-to-treat estimates of the impact of increased access to OMSCS.
Using the same basic specification, we also generate instrumental variables estimates of the impact of admission on enrollment, where admission is instrumented with having an immediately admissible GPA. Specifically, we estimate the first stage equation
where Admitted indicates eventual admission to OMSCS. We then use predicted values of Admitted to estimate a second stage of the form
This yields estimates of the impact of OMSCS admission on enrollment choices for compliers at the margin, namely those students for whom the threshold itself altered their probability of eventual admission. We think of this as a matriculation rate for such applicants.
Following Lee and Card (2008) , our baseline specifications for all of these estimates cluster standard errors by distance from the GPA threshold because GPA is a fairly discrete variable, with many students reporting values that are multiples of 0.1 or 0.25. To improve precision, we include demographic controls for gender, race/ethnicity, citizenship, age, employment and college major.
Optimal bandwidths, as suggested both by Imbens and Kalyanaraman (2012) and Calonico et al. (2014) , are between 0.3 and 0.5 GPA points for all outcomes. We treat 0.5 GPA points as our default bandwidth but show that our results are robust to use of smaller and larger bandwidths, as well as to exclusion of demographic controls.
Validity of our RD estimates requires that students not systematically manipulate which side of the GPA threshold they fall on. Though they do self-report GPAs, two facts suggest little scope for manipulation. First, applicants were required to submit transcripts and thus knew that their self-reported GPAs might be checked against officially reported ones. Second, applicants had no knowledge that a GPA of 3.26 would play any role in the admissions process, a fact that was decided only after all applications had been submitted. The only GPA criterion publicized was that a GPA of 3.0 or higher was preferred, though applicants with lower GPAs could be admitted.
It thus seems highly unlikely that there could be differential sorting across the 3.26 threshold. We confirm this in two ways.
First, as suggested by McCrary (2008), we show in Figure A .1 that the density of students just above the threshold looks similar to the density just below. Multiples of 0.1, as well as 3.0 and 4.0, are particularly common, but there is no clear difference in the distribution of GPAs around the eligibility threshold. Formal tests show no evidence that GPAs just above 3.26 are over-represented relative to GPAs just below 3.26, suggesting no obvious manipulation by students. Second, we confirm that observable covariates are balanced across the threshold by running the specification in Equation 1 using such covariates as outcomes. Table A .2 shows the results of these covariate balance tests, using a variety of bandwidths. There is no practically or statistically significant evidence of differential sorting across the threshold in terms of gender, race, citizenship, age, em-ployment, or college major. The balance of density and covariates at the threshold suggest that students on either side of the threshold are similar along both observed and unobservable dimensions. Our regression discontinuity coefficients should therefore provide unbiased estimates of the impact of online access on educational trajectories.
Causal Estimates
We first document how the GPA threshold affected the probability of admission to OMSCS. The relationship between GPA and the probability of being offered admission, seen in Panel A of Figure   3 , shows a clear discontinuity. The first stage estimates in column 1 of Table 4 suggest that those just above the GPA threshold were about 20 percentage points more likely to be admitted to the online program than their counterparts with slightly lower GPAs. This difference represents the extent to which the GPA threshold generated exogenous variation in access to the online option.
Importantly, access to the online program generates enrollment in that program. We define OMSCS enrollment as a student having enrolled in at least one semester by fall 2016. 18 At that point, all immediate and deferred admissions offers would have expired, and applicants would have had the opportunity to apply to and enroll in other, competing degree programs. Panel B of Figure 3 shows the fraction of applicants who ever enrolled in OMSCS. The graphical evidence, as well as the estimates in column 2 of Table 4 , suggest that threshold-based admissibility increases enrollment in the online option by slightly more than 20 percentage points. This implies that roughly all of the marginal applicants admitted because of the GPA threshold accepted the offer of admission and enrolled. Instrumental variables estimates, shown in column 3, confirm that the matriculation rate of such students is close in magnitude and statistically indistinguishable from 100 percent. These applicants appear not to have competing options that would cause them to decline their admissions offer.
Importantly, though admission affects enrollment, admission timing does not appear to. Figure A.3 shows OMSCS enrollment rates as a function of GPA, for the sub-sample of applicants offered admission. Those above the threshold were largely given immediate offers and those below deferred offers, yet at the threshold there is no clear difference in the probability of enrolling in OMSCS, conditional on admission. The point estimate of the discontinuity is close to zero and statistically insignificant whether we use our default bandwidth of 0.5 or the Imbens-Kalyanaraman optimal bandwith of 0.3.
Examination of enrollment in other programs confirms that OMSCS has no close substitutes.
Panel A of Figure 4 shows the fraction of OMSCS applicants who enrolled in other, non-OMSCS programs by fall 2016. The overall levels of such enrollment are quite low, with fewer than 20 18 The relationship between spring 2014 enrollment and GPA in Figure A .2 is consistent with the requirement of a GPA of at least 3.26 for immediate admission. Only four applicants below the GPA threshold appear to have enrolled in OMSCS in spring 2014. percent of those just below the threshold enrolling elsewhere. The few alternatives chosen by such applicants are rarely the more prestigious competitors of MSCS, such as Carnegie Mellon or University of Southern California, but are instead lower-ranked online programs from institutions such as DeVry University or Arizona State University. This is in contrast to MSCS applicants, many hundreds of whom choose those prestigious competitors over Georgia Tech. Panel B shows that over 50 percent of MSCS applicants enroll in alternative U.S. programs, a fraction that rises to 65 percent when considering just U.S. applicants to the in-person program. Those interested in the online program appear to have fewer competing alternatives than those interested in the in-person program.
In addition to the low overall rate of online program applicants enrolling in alternatives to OMSCS, there is also no visually apparent discontinuity in non-OMSCS enrollment, with columns 4 and 5 of Table 4 showing statistically insignificant point estimates close to zero. If access to OMSCS were substituting for other in-person programs, we would expect to see a clear drop in enrollment elsewhere to the right of the GPA threshold. Though our regression discontinuity estimates are generated by those at a particular point in the GPA distribution, it is worth noting that those with much higher or lower GPAs also do not appear to enroll in non-OMSCS options.
This suggests the market is not providing appealing alternatives for a wide range of students for whom OMSCS is appealing. In contrast, most MSCS applicants with lower and higher GPAs find suitable alternatives in which to enroll.
Access to the online option therefore increases the number of people pursuing education at all. We see this in Figure 5 , which shows the fraction of applicants enrolling in any formal higher education. There is a large, clear discontinuity at the admissions threshold, with estimates from column 6 of Table 4 suggesting that admissibility to the online program increases enrollment in formal higher education by about 20 percentage points. The instrumental variables estimates in column 7 imply that roughly 100 percent of the marginal admits to OMSCS represent new entrants into formal higher education. Access to this online option thus increases the number of people pursuing education.
We perform a number of robustness checks to confirm that our estimates are not sensitive to our specification choices. The first two rows of Table 4 show that inclusion of demographic controls improves the precision of our estimates, but does not meaningfully alter their magnitude.
The remaining rows of the table show that our point estimates are robust to a fairly wide set of bandwidths, including those close to the optimal bandwidths mentioned previously. To check that our estimated discontinuities in admission, OMSCS enrollment and overall enrollment are not driven by spurious features of the data, we test for placebo discontinuities by running our baseline regression specification placing the admissions threshold at GPA values other than 3.26.
The resulting coefficients are shown in panel A of Figures A.4 , A.5 and A.6. In all cases, the actual threshold of 3.26 generates the largest discontinuity and the only one that is positive and 13 statistically significant.
One other potential concern is that the location of the threshold was endogenous to the quality of the applicant pool in that part of the GPA distribution. If students with a 3.26 GPA were of particularly high quality and thus ended the admissions process by using up the program's final capacity, then our estimates might be biased by correlations between such quality and enrollment decisions. To test whether such endogenous threshold location is generating bias, panel B of Figures A.4, A.5 and A.6 show estimated discontinuities from donut hole RD specifications that exclude observations close to the threshold. The resulting coefficients are, if anything, slightly larger, suggesting that our estimates are not driven by observations very close to the threshold.
As a final check, we explore heterogeneity in enrollment impacts of online access in Table 5 .
Limiting the sample to non-AT&T employees has little effect on our point estimates, suggesting that our results are not driven by this potentially unusual subset of applicants. Limiting the sample to U.S. citizens has similarly little effect. Subsequent rows separate the sample by age, gender and race. The main takeaway from these estimates is that there is no subgroup of applicants for whom access to OMSCS substitutes for enrollment in other educational programs. None of the point estimates in columns 4 and 5 are significantly negative. The result is that, for all subgroups for whom the threshold clearly generates variation in access to OMSCS, such access clearly increases overall enrollment in higher education.
Discussion and Conclusion
Our descriptive evidence shows large demand for the first low-cost online degree offered by a highly-ranked institution. Applicant pools to the online and in-person versions of this degree program show almost no overlap in individuals or in demographic characteristics. Unlike its inperson equivalent, the online option generates demand largely from mid-career Americans. Large demand from older, employed individuals is consistent with the possibility that the geographic and temporal flexibility of the online option are critical to its appeal. Online education can provide mid-career training without forcing individuals to quit their jobs or move to locations with appropriate educational institutions. Relatively low demand for the online option from non-Americans is consistent with the value of in-person programs stemming at least partially from physical access to U.S. social networks and labor markets.
Our causal evidence shows that this online option expands access to formal education and does not substitute for other programs. Eighty percent of those accepted by OMSCS enroll. The vast majority of applicants denied access do not pursue any form of further formal education.
Most importantly, gaining access to the online option does not decrease the extent to which students enroll in other educational programs. This is the first rigorous evidence that we know of showing an online degree program can increase educational attainment, implying that the higher education market had previously been failing to meet demand for this particular bundle of program characteristics.
This model of online education thus has the potential to substantially increase the national stock of computer science human capital. OMSCS enrolls about 1,170 Americans annually. Though it is too early to measure completion rates, NSC data on the 2014 OMSCS enrollees suggest that at least 62 percent are still enrolled at least two years after they begin the program and thus apparently on track to graduate. The actual fraction who will graduate may be substantially higher than that, given that the flexible nature of the program and mid-career students' busy professional and family lives makes persistence somewhat difficult to measure. For example, over 25 percent of students who take a fall or spring semester off appear to re-enroll in the subsequent spring or fall semester. Persistence to graduation could therefore be as high as 90 percent. 19 Conservatively, if only 62 percent of enrollees graduate, OMSCS will annually produce about 725 American computer science master's degree recipients. According to IPEDS' Completion Survey, about 11,000
American citizens earned a master's degree in computer science in 2013, the most recent year data is available. This implies that OMSCS will generate a seven percent increase in the national production of such degrees. If 90 percent of enrollees graduate, OMSCS will increase such production by 10 percent. Either way, the program will produce a substantial fraction of such computer science human capital.
We conclude with two questions raised by this research. The first concerns external validity.
To what extent will the conclusions drawn from this particular online program apply to other populations and subjects? It seems likely, for example, that mid-career training in other fields might be amenable to this model. The recent rise of "iMBA" and "micro-master's" programs suggests that other institutions believe there are untapped markets in such training. Whether such low-cost, high-quality models can make inroads in undergraduate or secondary education remains to be seen.
The second question concerns the quality of the education that this online option provides.
How large are the learning and labor market impacts of this online degree and how do they compare to that of the in-person equivalent? Comparing the undergraduate colleges attended by OMSCS and MSCS students suggests that OMSCS students are, on average, somewhat weaker academically than their in-person counterparts. Nonetheless, comparisons of student achievement across the online and in-person formats suggests that OMSCS students finish their courses with at least as much knowledge as their in-person counterparts (Goel and Joyner, 2016) . We hope to explore in subsequent work the extent to which the OMSCS degree is valued by the labor market and whether and how it affects career advancement. Whether the labor market perceives OMSCS graduates as similar in quality to their in-person counterparts will have implications for the impact of such models on the postsecondary sector more generally (Hoxby, 2014) . 19 By comparison, about 95 percent of MSCS students graduate within two years. Notes: Shown above are the means of undergraduate college characteristics for all online and in-person program applicants, admits, and enrollees, as derived from the 2005 wave of IPEDS. All differences between the two programs are statistically significant at the one percent level. The sample includes only students whose listed undergraduate colleges were found in IPEDS. SAT math scores are the 75th percentile of the incoming freshman distribution. The fraction of students classified as low income is measured by the proportion receiving federal grant aid. Notes: Heteroskedasticity-robust standard errors clustered by GPA are in parentheses (* p<.10 ** p<.05 *** p<.01). Each regression discontinuity estimate in columns 1, 2, 4 and 6 comes from a local linear model that regresses an indicator for an admission or enrollment outcome on an indicator for being above the GPA threshold of 3.26, distance from that threshold, and the interaction of the two. Columns 3, 5 and 7 contain instrumental variables estimates of the impact of admission on enrollment, where admission has been instrumented with being above the threshold. The sample includes all spring 2014 applicants to OMSCS whose GPA is within the listed bandwidth. The top row includes no controls, while the remaining rows control for gender, race/ethnicity, citizenship, age, employment and college major. Enrollment is measured by fall 2016. The sample size in panels A and B is 1,706, in panel C is 1,365, in panel D is 926 and in panel E ranges from 1,051 to 1,293. Listed below each column is the mean of the outcome for those 0.01-0.10 GPA points below the threshold. 243  243  243  243  243  243  243 Notes: Heteroskedasticity-robust standard errors clustered by GPA are in parentheses (* p<.10 ** p<.05 *** p<.01). Each regression discontinuity estimate in columns 1-4 comes from a local linear model that regresses an indicator for an admission or enrollment outcome on an indicator for being above the GPA threshold of 3.26, distance from that threshold, and the interaction of the two. Columns 5 and 6 contain instrumental variables estimates of the impact of admission on enrollment, where admission has been instrumented with being above the threshold. The sample includes all spring 2014 applicants to OMSCS whose GPA is within 0.5 of the admissions threshold and who belong to the listed subgroup. All regressions control for the gender, race, geography, age, employment and college major variables listed in 
(B) Donut Hole RD
Notes: The outcome in all regressions shown is admission to the online program, for spring 2014 online program applicants. Panel A shows estimated discontinuities from regression specifications that assume the admissions threshold is at the listed GPA value, using a bandwidth of 0.5 GPA points and including demographic controls. Panel B shows estimated discontinuities from regression specifications that assume the correct threshold of 3.26, that use a bandwidth of 0.5 GPA points and include demographic controls, but that exclude applicants whose GPAs are within the listed distance of the threshold. Vertical lines indicate 95% confidence intervals. 
Notes: The outcome in all regressions shown is enrollment in the online program by fall 2016, for spring 2014 online program applicants. Panel A shows estimated discontinuities from regression specifications that assume the admissions threshold is at the listed GPA value, using a bandwidth of 0.5 GPA points and including demographic controls. Panel B shows estimated discontinuities from regression specifications that assume the correct threshold of 3.26, that use a bandwidth of 0.5 GPA points and include demographic controls, but that exclude applicants whose GPAs are within the listed distance of the threshold. Vertical lines indicate 95% confidence intervals. 
Notes: The outcome in all regressions shown is enrollment in any degree program by fall 2016, for spring 2014 online program applicants. Panel A shows estimated discontinuities from regression specifications that assume the admissions threshold is at the listed GPA value, using a bandwidth of 0.5 GPA points and including demographic controls. Panel B shows estimated discontinuities from regression specifications that assume the correct threshold of 3.26, that use a bandwidth of 0.5 GPA points and include demographic controls, but that exclude applicants whose GPAs are within the listed distance of the threshold. Vertical lines indicate 95% confidence intervals. Notes: Listed above are mean values of key variables for applicants to the OMSCS program in columns 1-6 and the MSCS program in columns 7-10. Notes: Heteroskedasticity-robust standard errors clustered by GPA are in parentheses (* p<.10 ** p<.05 *** p<.01). Each regression discontinuity estimate comes from a local linear model that regresses the covariate listed on an indicator for being above the GPA threshold, distance from that threshold, and the interaction of the two.The sample includes all spring 2014 applicants to OMSCS whose GPA is within the listed bandwidth. Listed below each column is the mean of the covariate for those 0.01-0.10 GPA points below the threshold.
